INTRODUCTION
Water in the stratum corneum is fundamental and is critical to the maintenance of healthy skin. In the stratum corneum, water retention at an adequate level depends on corneocytes, natural moisturizing factor NMF and lamellar structures of intercellular lipids consisting of ceramides, cholesterol and free fatty acids 1, 2 . The loss of water content initially causes dry skin and eventually results in rough skin. Rough skin is generally characterized by alterations of morphology, which is called as kime in Japanese, the appearance of much scaling on the surface of the skin while dry skin is characterized by low water content and high levels of trans-epidermal water loss TEWL . Parameters of corneocytes collected from rough skin indicated elevations in the ratio of IL-1α receptor antagonist and IL-1α 3 and the level of carbonylated proteins in the stratum corneum 4 . These facts indicate that sub-erythemal inflammation in the skin is caused by the excess secretion of IL-1α, which is a pro-inflammatory cytokine, and by the generation of excess reactive oxygen species ROS in cells. Furthermore, an epidemiological survey reported a negative correlation between carbonylated proteins in the stratum corneum and skin moisture function composed of water holding capacity and TEWL 5 . Carbonylated proteins Abstract: Sodium lauryl sulfate (SLS), a representative anionic surfactant, is well-known to induce rough skin following single or multiple topical applications. The mechanism by which SLS induces rough skin is thought to result from the disruption of skin moisture function consisting of NMF and epidermal lipids.
However, a recent study demonstrated that topically applied SLS easily penetrates into the living cell layers of the epidermis, which suggests that physiological alterations of keratinocytes might cause the SLS-induced rough skin. This study was conducted to clarify the effects of SLS on keratinocytes to demonstrate the contribution of SLS to the induction of rough skin. In addition, the potentials of other widely used anionic surfactants to induce rough skin were evaluated. HaCaT keratinocytes treated with SLS had increased levels of intracellular ROS and IL-1α secretion. Application of SLS on the surface of a reconstructed epidermal equivalent also showed the increased generation of ROS. Further, SLS-treated cells showed an increase of intracellular calpain activity associated with the increase of intracellular Ca 2+ concentration. The increase of intracellular ROS was abolished by the addition of BAPTA-AM, a specific chelator of Ca are oxidized proteins produced by reactions between free amino residues of proteins and reactive aldehyde compounds yielded by lipid peroxidation 6 . The sum of these facts suggest that excessive oxidative stress is one of the critical causes of rough skin. Japanese consumers prefer to clean their face and body often, and therefore, they use detergents, such as hand soaps, body soaps and facial cleansers, at a high frequency compared with foreigners. Since most detergents are formulated using anionic surfactants as their active ingredients, this indicates that Japanese are more influenced by anionic surfactants in the skin than are foreigners. In fact, we used the topical application of SLS, a representative anionic surfactant, to create an in vivo model for skin roughness 7 . Thus, there is a high possibility that the excess use of detergents induces rough skin.
On the other hand, it has been suggested that there is a relationship between rough or dry skin and sensitive skin. In general, sensitive skin is defined as skin having a higher susceptibility to sensory irritation 8 . Furthermore, sensory irritations, such as stinging, itching and tingling, are recognized due to the excitement of nerve c-fibers by the stimulation of some chemicals 9 . A recent study reported that the disruption of barrier function by applying acetoneether recruits the nerve tips of c-fibers into the epidermis triggering an imbalance between NGF, a nerve development factor, and Semaphorin 3A, a factor that suppresses nerve development 10 . That result points to the possibility that skin dryness increases the susceptibility to sensory irritation. Regarding differences between races on the susceptibility to sensory irritation, an epidemiological study indicated that Japanese women have a lower threshold concentration on the perception of a stinging inducing chemical than do German women 11 . This suggests that the difference originates from different habits like washing. The mechanism of detergent-induced rough skin is understood to result from a loss of skin moisture related substances such as NMF and epidermal lipids due to their extraction with surfactants 12, 13 . In fact, the topical application of SLS, which is a representative detergent, causes skin irritation associated with alterations of epidermal differentiation comprising the down-regulation of profilaggrin and the desquamation-related enzymes, kallikreins 5 and 7 14 . However, since a confocal Raman microscopic study reported that SLS penetrates into the skin 15 , it has been considered a possibility that the direct action of SLS on keratinocytes triggers the rough skin. Many studies regarding the direct actions of SLS on keratinocytes have been reported, and have demonstrated that SLS causes irritation due to the excess production of two inflammatory mediators, IL-1 and PGE2, by keratinocytes 16 . Also, an in vivo study demonstrated that the topical application of SLS increases the mRNA levels of IL-1alpha in the epidermis 17 .
Thus, in an alternative test registered as OECD 439 to predict the potential of skin irritants, SLS is employed as a positive control, and cell viability and IL-1α secreted into the medium of reconstructed epidermal equivalents after samples are applied topically are accepted as parameters for assessing skin irritation. However, it is still unclear how the induction is caused by SLS directly and what substances are mediated by that induction. In general, it is known that low humidity promotes skin dryness and ultimately results in skin roughness. A recent study has reported that carbonylated proteins are observed in corneocytes of dry skin in the winter season 4 . That fact was hypothesized to contribute to oxidative stress in the development of skin roughness, because carbonylated proteins are end-products of lipid peroxidation initiated by ROS 6, 18 .
Thus, in order to clarify the mechanism of anionic surfactant-induced rough skin, we examined the cellular responses of keratinocytes exposed to the anionic surfactant SLS, focusing on intracellular ROS levels. In addition, we evaluated the potentials of other anionic surfactants that are widely used in detergents to induce rough skin using the cellular responses identified in this study.
EXPERIMENTAL

Reagents
Dulbecco s modified Eagle medium DMEM and Hanks balanced salt solution with Ca 2 and Mg 2 HBSS was obtained from Nissui Pharmacy Tokyo, Japan and fetal bovine serum FBS was obtained from Invitrogen Carlsbad, CA, USA . The BCA protein assay kit was purchased from Pierce Chemical Co. Rockford, IL, USA . Suc-LLVY-7-aminomethylcoumarin Suc-LLVY-AMC was obtained from Boston Biochem Boston, MA, USA . BAPTA-AM 1,2-bis o-aminophenoxy ethane-N,N,N ,N -tetraacetic acid acetoxymethyl ester, 5-doxyl stearic acid, Fura 2-AM and 2 .7 -dichlorodihydrofluorescin diacetate H 2 DCHFDA were purchased from Sigma St Louis, MO, USA . MCLA 6-4-Methoxyphenyl -2-methyl-3,7-dihydroimidazo-1,2-a pyrazin-3-one hydrochloride was obtained from Tokyo Chemical Industry Tokyo, Japan . IL-1α and IL-1α ELISA Quantikine kits were purchased from R&D Systems Minneapolis, MN, USA . MitoSox was purchased from Molecular Probes Eugene, OR, USA . RHE models a reconstructed human epidermal equivalent were purchased from Episkin Lyon, France . SLS, lecithin from soybean and cholesterol was purchased from Nacalai Tesque Kyoto, Japan . Sodium lauryl ether sulfate, sodium polyoxyethylene 5 lauryl ether carboxylate, sodium polyoxyethylene 11 lauryl ether carboxylate, sodium lauryl phosphate, lauryl ether phosphate, sodium lauroyl methyl alanine, sodium lauroyl methyl taurine, sodium laurate, potassium cocoate and potassium myristate were kind gifts from Nikko Chemicals Tokyo, Japan .
Cell culture
HaCaT keratinocytes 19 were cultured in DMEM with 5
FBS at 37 in a humidified atmosphere containing 5 CO 2 .
Intracellular ROS
HaCaT keratinocytes were treated with 20 μM H 2 DCFDA in HBSS for 30 min. After washing with HBSS, cells were cultured with DMEM containing various concentrations of SLS and 5 FBS for 24 h. After lysing the cells with 0.1 Triton X-100 in PBS, the fluorescence Ex; 485 nm, Em; 530 nm was measured with a Spectra Max Gemini fluorescence micro-plate reader Molecular Devices, CA, USA . Intracellular ROS levels are calculated as fluorescence intensity F.I. per μg protein and are expressed as a fold change of the value of control cells. Protein concentrations were determined with a BCA protein assay kit.
Mitochondrial ROS
HaCaT keratinocytes were treated with 5 μM MitoSOX in HBSS for 30 min. After washing with HBSS, cells were incubated with HBSS containing various concentrations of SLS for several periods. After lysing the cells with 0.1 Triton X-100 in PBS, the fluorescence Ex: 510 nm, Em: 580 nm was measured with a Spectra Max Gemini fluorescence micro-plate reader. Mitochondrial ROS levels are calculated as fluorescence intensity F.I. per μg protein and are expressed as a fold change of the value of control cells. Protein concentrations were determined with a BCA protein assay kit.
ROS in a reconstructed human epidermal equivalent
RHE model SLS in PBS 150 μL at various concentrations was placed on the surface of RHE models for 15 min. After washing with PBS, chemiluminescence images were taken immediately after washing 15 min after and 19 h after washing. MCLA, which generates chemiluminescence by reaction with superoxide anion radicals and singlet oxygen 20 , was used as a chemiluminescence probe. 100 μM MCLA prepared with 50 EtOH in PBS 100 μL was placed on the surface of the RHEs, and chemiluminescence images were taken with a NightOWL Berthold Technologies, Bad Wildbad, Germany from the epidermis site.
IL-1α secretion
HaCaT keratinocytes were cultured in DMEM containing various concentrations of SLS and 5 FBS for several periods. IL-1α secreted into the medium was quantified using an IL-1α ELISA Quantikine kit. Protein concentrations were determined using the BCA protein assay kit to allow calculation of the data as a quantitative value per mg protein.
Calpain activity
HaCaT keratinocytes were exposed to SLS at 50 μg/mL. At several points after SLS exposure, cells were treated with 10 μM Suc-LLVY-AMC 21 for 1 h. After lysing with 0.1 Triton X-100, the fluorescence intensity Ex: 380 nm, Em: 460 nm of each lysate that originated from AMC was measured with Spectra Max Gemini fluorescence micro-plate reader. AMC levels were quantified using a calibration curve. Protein concentrations were determined using the BCA protein assay kit to allow calculation of the data as intensity per unit protein. Calpain activity is expressed as AMC pmol/μg protein/h.
Intracellular Ca 2
After loading with 10 μM Fura 2-AM 22 , HaCaT keratinocytes were exposed to SLS in HBSS at a concentration of 50 μg/mL. The fluorescence Ex: 340 nm, Em: 510 nm was measured with a Spectra Max Gemini fluorescence microplate reader. Intracellular Ca 2 is calculated as fluorescence intensity F.I. per μg protein and is expressed as a fold change of the value of control cells. Protein concentrations were determined with a BCA protein assay kit.
Membrane uidity using ESR spin-labeling
Alterations in membrane fluidity of liposomes and HaCaT keratinocytes were estimated using an ESR spin-labeling method 23 with 5-doxyl stearic acid 5-DSA as an ESR spin-labeling agent 24 . Liposomes were prepared with lipids in which lecithin and cholesterol were mixed in a lipid ratio of 2:1, as previously detailed 25 . Liposomes and
HaCaT keratinocytes 1.0 10 6 cells were incubated with 1 mM 5-DSA and 10 mM 5-DSA, respectively, to incorporate the spin-labeling agent into the membrane region. To estimate the effects of SLS on membrane fluidity, the order parameter S of the cells in the presence of SLS was calculated from the ESR spectra using the following equation: S A// A / Azz 1/2 Axx Ayy Axx: 0.63 mT Ayy: 0.58 mT Azz: 3.36 mT ESR spectra were obtained with a RFR-30 spectrometer Tokyo, Japan at 37 under the following conditions: modulation frequency, 100 kHz; modulation amplitude width, 0.1 mT; scanning field, 338.1 5 mT; receiver gain, 200; response time, 0.03; sweep time, 8 min; and output power, 4 mW.
RESULTS
3.1 ROS generation in SLS-exposed HaCaT keratinocytes and a RHE model Intracellular ROS levels were evaluated using two different probes, H 2 DCFDA and MitoSox. When using H 2 DCFDA as a fluorescence probe to detect H 2 O 2 , SLS gave a dosedependent increase of intracellular ROS levels for a 24 h exposure. For instance, SLS at 50 μg/mL showed an increase of 4.03 0.28 fold Fig. 1 . Focusing on mitochondria, SLS significantly increased ROS generation to 10.1 0.6 fold in mitochondria even at 1 h exposure Fig. 2 . To identify whether SLS actually reaches the living cells and stimulates ROS generation, SLS was topically applied on the surface of RHE models. ROS generation was then assessed by taking chemiluminescence images with the NightOWL. SLS stimulated ROS generation even at 15 min after the application. Furthermore, the ROS generation of the RHE model treated with SLS was detected at 19 h Fig. 3 .
IL-1α secretion of SLS-exposed HaCaT keratinocytes
In order to determine the relationship between ROS generation and IL-1α, the secretion profile of IL-1α after exposure of HaCaT keratinocytes to SLS was examined. The secretion of IL-1α was potently increased at 24 h, however it was not detected at 6 h Fig. 4a . Generally, IL-1α is stored in cells as a precursor, pro-IL-1α. To secrete IL-1α, processing by calpain, which is a Ca 2 dependent protease, is required 26 . The intracellular calpain activity showed significant increases in a time-dependent manner after SLS exposure Table 1 . Protein concentrations were determined with a BCA protein assay kit. Data are expressed as averages and standard deviations of a fold change a g a i n s t t h e v a l u e o f c o n t r o l c e l l s n 5 . Significance; Student t-test, ** p 0.01, *** p 0.001. Fig. 3 Chemiluminescence images of SLS-treated RHE models. SLS in PBS 150 μL at various concentrations was placed on the surface of RHE models for 15 min. After washing with PBS, 100 μM MCLA prepared with 50 EtOH in PBS 100 μL were placed on the surface of the RHEs. Chemiluminescence images were taken with a NightOWL at 15 min and at 19 h.
Involvement of IL-1α on ROS generation
To address the involvement of IL-1α on ROS generation in HaCaT keratinocytes, intracellular ROS levels of HaCaT keratinocytes cultured in the presence of IL-1α were measured. IL-1α at a concentration of 100 ng/mL elevated the intracellular ROS level 1.4 fold Fig. 4b .
Intracellular Ca 2 levels and ROS generation
Intracellular Ca 2 levels were estimated with the fluorescence intensity of Fura-2. After loading with Fura-2 AM, HaCaT keratinocytes were exposed to SLS at a concentration of 50 μg/mL. The fluorescence intensity per μg protein of SLS-treated cells showed an increase to 3.2 2.0 p 0.001 at 3 h after treatment Fig. 5a . Further examination was conducted to clarify the involvement of Ca 2 on ROS generation in SLS-exposed cells. BAPTA, which is a specific chelator of Ca 2 27 , suppressed intracellular ROS levels.
The results indicate the involvement of Ca 2 on ROS generation by SLS Fig. 5b .
Interaction of SLS with cell membranes
The fluidity of cell membranes was measured using the ESR spin labeling method with 5-DSA as the spin labeling probe. The order parameters of liposomes and HaCaT keratinocytes treated with SLS exhibited lower values than that of SLS-untreated controls Table 2 . These results indicate that SLS interacts with membranes and results in increased membrane fluidity.
3.6 Evaluation of anionic surfactants on the potential to induce rough skin The abilities of widely used anionic surfactants on ROS generation and IL-1α secretion are summarized in Table 3 . Among the anionic surfactants tested, SLS showed the highest values both for ROS generation and for IL-1α secretion. On the other hand, sodium lauryl phosphate did not increase ROS generation or IL-1α secretion.
DISCUSSION
In this study, SLS stimulated intracellular ROS levels of HaCaT keratinocytes and of RHE models. The ROS generation in the RHE model indicates that SLS promptly reaches the region of living cells though the stratum corneum and stimulates ROS generation even at 15 min after application. HaCaT keratinocytes were exposed to SLS at 50 μg/mL At several times after SLS exposure, cells were treated with 10 μM Suc-LLVY-AMC for 1 h. After lysing with 0.1 Triton X-100, the fluorescence Ex: 380 nm, Em: 460 nm of each lysate was measured. Protein concentrations were determined using a BCA protein assay kit to allow calculation of the data as intensity per unit protein. Calpain activity is expressed as AMC pmol/μg protein/h. ND: not detected. Significance; Student t-test *** p 0.001.
In examinations of HaCaT keratinocytes, SLS elicits ROS generation due to the stimulation of mitochondria, and finally increases ROS levels in cells. In addition, SLS enhances the secretion of IL-1α associated with the activation of intracellular calpain. Furthermore, since IL-1α also increases intracellular ROS levels, the ROS generation of SLS might be further stimulated by IL-1α. Regarding ROS generation, a Ca 2 specific chelator, BAPTA 27 , suppresses ROS generation of SLS-exposed HaCaT keratinocytes. These results indicate that Ca 2 is one initiator of ROS generation. In general, the intracellular Ca 2 concentration is regulated by release from the endoplasmic reticulum, where Ca 2 is stored in vesicles 28 , and by Ca 2 channels located at the cell membrane 29 . In the case of SLS, it was speculated that the non-specific influx of Ca 2 ions through the cell membrane contributes to the increase of intracellular Ca 2 concentrations due to the interaction of SLS with cell membranes. The interaction of SLS with membranes was then evaluated using the ESR spin-labeling method with 5-DSA as the spin-labeling probe. Treatment with SLS resulted in increases of membrane fluidity. In cells, ROS is mainly generated in the process of mitochondria respiratory chain reactions 30 and in the enzymatic reaction of NADPH oxidase 31 . Increases of intracellular Ca 2 concentration induce ROS generation due to the effects on mitochondria and NADPH oxidase assembly 32, 33 .
On the other hand, IL-1α is stored in cells as a precursor, pro-IL-1α. pro-IL-1α is secreted from cells after processing by calpain, which is activated by Ca 2 . In addition, interleukin-1 receptor-associated kinase-1 IRAK-1 , which is activated by the reaction with IL-1α receptor and its ligand IL-1α, induces the assembly of NADPH oxidase by recruiting cytosolic units to membrane localized units 34 .
These results suggest that the action of SLS on ROS generation in HaCaT keratinocytes is as follows: First, SLS increases the intracellular Ca Generally, rough skin is characterized as morphological alterations with blurred kime and scaling, as well as a low water content in the stratum corneum and a high TEWL as skin physiological parameters. Furthermore, as a biological parameter, dry skin, which is an early stage of rough skin, exhibits a higher ratio of IL-1RA and IL-1α 3 and frequently carbonylated proteins in the stratum corneum 4 . SLS is commonly used to produce artificially rough skin. In the skin, SLS reproduces the characteristics of rough skin at the morphological, physiological and biological levels 7 . The relationship between skin moisture function and carbonylated proteins has been demonstrated. Acrolein-treated human excised skin, which produces carbonylated proteins in the stratum corneum, had a decreased water content in a dose-dependent manner following treatment with acrolein 35 . These facts indicate the possibility that ROS that is generated intracellularly oxidizes proteins and accumulates carbonylated proteins in the epidermis and also the stratum corneum. The accumulation of carbonylated proteins induces or accelerates the rough skin due to the loss of skin moisture function. Based on this evidence, we propose that the mechanism for the rough skin induced by SLS is triggered by ROS generation through intracellular Ca 2 influx. At the point of ROS generation, the results indicate that sodium lauryl phosphate has a lower potential to induce rough skin.
CONCLUSION
SLS stimulated intracellular ROS levels in HaCaT keratinocytes and RHE models, and also increased secretion of IL-1α from HaCaT keratinocytes. The mechanisms were demonstrated as follows. SLS initially interacts with cell membranes, which results in the elevation of intracellular Ca 2 influx. Ca 2 stimulates the secretion of IL-1α due to the activation of calpain, and also increases ROS generation. IL-1α also stimulates ROS generation. From these results, we conclude that the elevation of intracellular ROS levels is one of the cause of SLS-induced rough skin. In addition, our results propose a new approach for evaluation of anionic detergents to avoid detergent-induced skin roughness. HaCaT keratinocytes were cultured in the presence of various surfactants at a concentration of 50 μg/mL for 24 h. IL-1α secreted into the medium by HaCaT keratinocytes was quantified using an IL-1α ELISA Quantikine kit. Intracellular ROS was measured in HaCaT keratinocytes cultured with DMEM containing various surfactants 50 μg/mL for 6 h. Protein concentrations were determined using a BCA protein assay Kit. Data on IL-1α are expressed as quantitative value pg per mg protein n 5 . Data on intracellular ROS are expressed as averages and standard deviations of a fold change against the value of control cells n 5 . ND: not detected, Significance; Student t-test * p 0.05, *** p 0.001.
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